During activation of the spliceosome, the U4/U6 snRNA duplex is dissociated, releasing U6 for subsequent base pairing with U2 snRNA. Proteins that directly bind the U4/U6 interaction domain potentially could mediate these structural changes. We thus investigated binding of the human U4/U6-speci®c proteins, 15.5K, 61K and the 20/60/90K protein complex, to U4/U6 snRNA in vitro. We demonstrate that protein 15.5K is a nucleation factor for U4/U6 snRNP assembly, mediating the interaction of 61K and 20/60/ 90K with U4/U6 snRNA. A similar hierarchical assembly pathway is observed for the U4atac/U6atac snRNP. In addition, we show that protein 61K directly contacts the 5¢ portion of U4 snRNA via a novel RNAbinding domain. Furthermore, the 20/60/90K heteromer requires stem II but not stem I of the U4/U6 duplex for binding, and this interaction involves a direct contact between protein 90K and U6. This uneven clustering of the U4/U6 snRNP-speci®c proteins on U4/U6 snRNA is consistent with a sequential dissociation of the U4/U6 duplex prior to spliceosome catalysis. Keywords: pre-mRNA splicing/protein±RNA interaction/ protein 15.5K/RNA-binding domain/snRNP assembly
Introduction
Pre-mRNA splicing occurs by a two-step transesteri®ca-tion mechanism involving cleavage at the 5¢ and 3¢ splice sites and exon ligation. This reaction is catalyzed by a large protein±RNA complex termed the spliceosome. Most pre-mRNA introns are removed by the U2-dependent (major) spliceosome, which is composed of the major snRNPs U1, U2, U4/U6 and U5 and numerous non-snRNP protein splicing factors. A rare class of pre-mRNA introns is removed by the U12-dependent (minor) spliceosome, which contains a different set of snRNPs, namely U11, U12 and U4atac/U6atac, but shares U5 snRNP with the major spliceosome (reviewed by Burge et al., 1999) .
Spliceosomes assemble on the pre-mRNA via an ordered pathway that involves dynamic snRNP±snRNP and snRNP±pre-mRNA interactions (reviewed by Nilsen, 1998; Staley and Guthrie, 1998) . In the major spliceosome, the U1 and U2 snRNPs ®rst recognize the 5¢ splice site and branch site, respectively, forming the pre-spliceosome. Spliceosome assembly is completed by the subsequent association of the U4/U6´U5 tri-snRNP complex. Conversion of the spliceosome into a catalytically active machine requires numerous RNA rearrangements, in particular conformational changes in the RNAs of the tri-snRNP. Within the U4/U6 snRNP, the U4 and U6 snRNAs form a phylogenetically highly conserved Y-shaped U4/U6 interaction domain, consisting of two intermolecular helices (stems I and II), which are separated by the 5¢ stem±loop of U4 (Figure 1 ). Both intermolecular helices are disrupted as the spliceosome becomes activated for catalysis; the region of U6 constituting stem II folds back on itself to form a new intramolecular stem±loop, and the region of U6 residing in stem I base-pairs with U2 snRNA to form part of the catalytic center. Concomitantly, U6 snRNA base-pairs with the 5¢ end of the intron, while U1 snRNP dissociates from the 5¢ splice site. In contrast to U6, U4 snRNA is released from the spliceosome, or remains only loosely attached to it. The U4atac and U6atac snRNAs of the U12-dependent spliceosome are engaged in analogous snRNA±snRNA and snRNA±pre-mRNA interactions during minor spliceosome activation and therefore represent the functional analogs of U4 and U6 snRNA (reviewed by Tarn and Steitz, 1997; Burge et al., 1999) .
The mechanism whereby the spliceosome is transformed into a catalytically active machine is only poorly understood at present. There is evidence that the yeast DExH/D-box RNA helicase Brr2p (human U5-200K) is one of the driving forces behind the disruption of the U4/U6 snRNA helices (Laggerbauer et al., 1998; Raghunathan and Guthrie, 1998) , but its precise mechanism of action is still unknown. Brr2p/U5-200K could unwind the U4/U6 duplex directly. However, the in vitro RNA helicase activity of puri®ed U5-200K is a generic one, exhibiting no speci®city for naked U4/U6 duplexes (Laggerbauer et al., 1998) . Alternatively, U4/U6 snRNAbinding proteins could play a key role in regulating the stabilization/destabilization of the U4/U6 RNA duplex. In this respect, information about interactions between U4/U6 snRNP proteins and the U4/U6 snRNA is of particular importance.
In addition to the seven Sm proteins that bind the Sm site of the U4 snRNA, and the seven LSm (`like-Sm') proteins (LSm 2±8) that are associated with the 3¢ end of U6 snRNA, ®ve proteins have been found by biochemical means to be associated with the human 13S U4/U6 snRNP (reviewed by Will and Lu Èhrmann, 2001 ). These include three proteins with mol. wts of 20, 60 and 90 kDa that form a biochemically stable, heteromeric complex (hereafter termed the 20/60/90K complex; Horowitz et al., 1997; Teigelkamp et al., 1998) . U4/U6 snRNPs also contain a 15.5K protein that possesses a novel RNA-binding domain and binds directly to U4 snRNA (Nottrott et al., 1999) . Interestingly, it is also present in box C/D snoRNPs, Hierarchical, clustered protein interactions with U4/U6 snRNA: a biochemical role for U4/U6 proteins The EMBO Journal Vol. 21 No. 20 pp. 5527±5538, 2002 ã European Molecular Biology Organization providing a link between the pre-mRNA and pre-rRNA processing machineries (Watkins et al., 2000) . Finally, a 61K protein was identi®ed recently as a ®fth U4/U6 snRNP-speci®c protein and shown to be required for U4/U6´U5 tri-snRNP formation . It shares a homologous central domain with the proteins Nop56 and Nop58, which (like protein 15.5K) are integral constituents of the box C/D snoRNPs (Gautier et al., 1997; . Interestingly, recent biochemical evidence indicates that these U4/U6 snRNP-speci®c proteins are also associated with the HeLa U4atac/ U6atac snRNP (Schneider et al., 2002) .
Except for the 20K protein, the U4/U6 snRNP-speci®c proteins are evolutionarily conserved, and orthologous proteins termed Snu13p (15.5K), Prp4p (60K), Prp3p (90K) and Prp31p (61K) are also associated with the . 20/60/90K complex was visualized by silver staining, 15.5K and GST±61K were stained with Coomassie Blue. (B) Secondary structure of human U4/U6 snRNA according to Brow and Guthrie (1988) . (C) U4/U6 duplex formation as analyzed by native PAGE on a 6% gel. Lanes 1 and 2, 32 P-labeled human U4 and U6 snRNAs; lanes 3 and 4, 32 P-labeled U4/U6 duplexes. Labeled RNA is marked by an asterisk. (D) Co-immunoprecipitation of 32 P-labeled U4/U6 duplexes and U4 and U6 snRNAs with anti-61K antibody. GST±61K was incubated with each of the four RNA substrates shown in (C) in the presence (lanes 5, 6, 9 and 10) or absence (lanes 3, 4, 7 and 8) of protein 15.5K. RNA co-precipitated with anti-61K antibody was analyzed on a denaturing 10% polyacrylamide gel and visualized by autoradiography. Lanes 1 and 2: 20% of total 32 P-labeled U4 and U6 snRNA input. (E) Co-immunoprecipitation of 32 P-labeled U4/U6 duplexes and U4 and U6 snRNAs with anti-60K antibody. 20/60/90K protein complex was incubated with each of the four RNA substrates shown in (C) in the presence (lanes 3, 4, 7 and 8) or absence (lanes 5 and 6) of protein 15.5K. RNA co-precipitated with anti-60K antibody was analyzed as above. Lanes 1 and 2: 15% of total 32 P-labeled U4 and U6 snRNA input.
Saccharomyces cerevisiae U4/U6 snRNP particle (Banroques and Abelson, 1989; Peterson-Bjùrn et al., 1989; Anthony et al., 1997; Weidenhammer et al., 1997; Gottschalk et al., 1999; Stevens and Abelson, 1999) . Like their human counterparts, Prp4p and Prp3p interact directly with each other (Ayadi et al., 1998; GonzalesSantos et al., 2002) . Genetic and biochemical studies in yeast and HeLa cells have shown that all conserved U4/ U6-speci®c proteins are essential for cell viability and required for pre-mRNA splicing (Lustig et al., 1986; Banroques and Abelson, 1989; Peterson-Bjùrn et al., 1989; Weidenhammer et al., 1997; Nottrott et al., 1999) . Experimental evidence indicates a role for the 15.5K/ Snu13p and Prp4p proteins in the transition of fully assembled spliceosomes toward an active form (Ayadi et al., 1997; Nottrott et al., 1999) . Despite the fact that the U4/U6 snRNP-speci®c proteins play a crucial role in premRNA splicing and are prime candidates for mediating structural changes during spliceosome activation, there is a surprising paucity of information concerning their interactions with U4 and/or U6 snRNA. The only U4/U6-speci®c protein shown to interact directly with U4 snRNA is the 15.5K protein, which contacts almost exclusively a purine-rich (5 + 2) internal loop within the U4 snRNA 5¢ stem±loop and induces a strong bend in the RNA (Nottrott et al., 1999; Vidovic et al., 2000) . In yeast, integration of Prp4p into the U4/U6 snRNP requires the 5¢ portion of U4 snRNA, although it is not clear whether Prp4p binds directly to U4 snRNA or via other proteins (Bordonne Â et al., 1990; Xu et al., 1990) .
To understand better the potential role(s) of the U4/U6 snRNP-speci®c proteins in spliceosome activation, we have investigated their interactions with the U4/U6 snRNAs and elucidated the assembly of U4/U6 snRNP particles in vitro.
Results
Protein 61K and the 20/60/90K complex bind U4 and U4/U6 snRNA, respectively, only in the presence of protein 15.5K Here we have investigated the assembly of the human U4/U6 snRNP, focusing on the mode of interaction of the particle-speci®c proteins 15.5K, 20K, 60K, 61K and 90K with elements of the U4/U6 snRNA duplex. For this purpose, we incubated recombinant 15.5K and 61K proteins and puri®ed 20/60/90K complexes ( Figure 1A ) with radiolabeled U4 and/or U6 snRNA ( Figure 1B ). As it was not possible to reconstitute a soluble 20/60/90K complex from recombinant proteins, it was puri®ed biochemically from 25S U4/U6´U5 tri-snRNP particles ( Figure 1A ). RNA binding was analyzed by immunoprecipitation with antibodies against protein 60K or 61K, or by GST pull-down assays. We initially determined whether protein 61K and the 20/60/90K protein complex interact with U4, U6 and/or U4/U6 snRNA duplex and whether binding requires the presence of other U4/U6 snRNP proteins, in particular the 15.5K protein.
U4/U6 duplex formation, using radiolabeled U4 or U6, was con®rmed on non-denaturing gels ( Figure 1C) . As determined by co-immunoprecipitation of the respective RNAs with anti-61K antibodies, GST±61K protein alone did not bind U4, U6 or U4/U6 duplexes to a signi®cant extent ( Figure 1D, lanes 3, 4, 7 and 8) . However, in the presence of the 15.5K protein, U4 snRNA and U4/U6 duplexes, but not U6 snRNA, were precipitated ( Figure 1D , lanes 5, 6, 9 and 10). Likewise, binding of the 20/60/90K complex to U4/U6 duplexes was observed only in the presence of the 15.5K protein ( Figure 1E , lanes 5±8). However, 20/60/90K failed to bind U4 or U6 snRNA in either the presence or absence of 15.5K ( Figure 1E , lanes 3 and 4; data not shown). We note that the failure to precipitate snRNAs in the absence of 15.5K protein was not due to RNA degradation (data not shown). These results show that protein 15.5K is required for the association of protein 61K with U4 and U4/U6 snRNAs, as well as for the association of the 20/60/90K heteromer with U4/U6 snRNA.
Protein 15.5K is required for the association of 61K and 20/60/90K with U4atac/U6atac snRNA Minor U4atac/U6atac´U5 tri-snRNP particles can be coimmunoprecipitated speci®cally by anti-61K and anti-60K antibodies (Schneider et al., 2002) , suggesting similar protein±protein and protein±RNA interactions in the major and minor tri-snRNPs. Thus, we next investigated whether protein 61K and the heteromeric 20/60/90K protein complex bind to the U4atac/U6atac snRNA duplex ( Figure 2A ) under the conditions of our in vitro assay and, if so, whether the requirements for binding are similar to those for U4/U6 snRNA. Studies analogous to those shown in Figure 1 were performed with U4atac, U6atac and U4atac/U6atac duplexes; formation of the latter was con®rmed by native PAGE ( Figure 2B ).
Immunoprecipitation with anti-60K antibodies demonstrated an association of the 20/60/90K complex with the U4atac/U6atac snRNA duplex, only in the presence of protein 15.5K ( Figure 2C , lanes 5±8). As with the U4 and U6 snRNAs, interaction of the 20/60/90K complex could not be detected with U4atac or U6atac snRNA alone, even when protein 15.5K was included in the reaction ( Figure 2C , lanes 3 and 4). In GST pull-down experiments, U4atac snRNA was bound by the GST±61K protein only when protein 15.5K was present, but not by GST alone ( Figure 2D ). Similarly to the U4/U6 snRNAs, 61K also bound to U4atac/U6atac snRNA duplex in the presence of 15.5K, while no interaction of 61K was detected with U6atac snRNA (data not shown). Taken together, these results show that protein 15.5K mediates the association of 20/60/90K and 61K with both U4/U6 and U4atac/U6atac snRNA, and suggest similar protein±RNA interactions in both types of particles.
The 20/60/90K complex binds to a minimal U4/U6 snRNA duplex comprising stem II and the 5 ¢ stem±loop of U4 snRNA The fact that the 20/60/90K protein complex bound strongly only to U4/U6 snRNA duplex suggested that characteristic features of the Y-shaped domain (Figure 1 ) may provide the essential RNA structural requirements for binding. These features may be stem I, stem II, the threeway junction or any combination of these. We therefore attempted to de®ne a minimal binding site for the 20/60/ 90K complex on U4/U6 snRNA by progressively shortening the 3¢ ends of the U4 and U6 snRNAs and testing the ability of the truncated U4/U6 snRNA duplexes to interact with the 20/60/90K complex in the presence of protein 15.5K. Surprisingly, stem I and an intact three-way junction of the duplex were not required for binding; a highly truncated U4/U6 snRNA duplex comprising the ®rst 52 nucleotides of U4 snRNA and positions 58±87 of U6 snRNA was precipitated ef®ciently by anti-60K antibodies in the presence of 20/60/90K and protein 15.5K ( Figure 3C ). Further shortening of the U6 snRNA from the 3¢ end resulted in inef®cient duplex formation (data not shown), preventing a more precise investigation of the role of stem II in protein binding. Similarly, a truncated RNA duplex containing only stem I could not be generated. A U4/U6 snRNA duplex composed of U6 and U4D5¢ stem±loop was not bound by 20/60/90K in the presence of 15.5K protein (data not shown), supporting the conclusion that 15.5K±U4 snRNA binding is a pre-requisite for 20/60/90K association. Our results thus show that the 5¢ stem±loop of U4 snRNA and stem II of the U4/U6 snRNA duplex together de®ne the RNA structural elements that are needed for speci®c binding of the 20/60/90K complex to U4/U6 snRNA in the presence of protein 15.5K. We therefore de®ne the RNA substrate shown in Figure 3A as a`minimal' duplex for protein binding.
Protein 61K requires the 5 ¢ stem±loop and the 5 ¢ end of U4 snRNA for binding We next investigated which region of the U4 snRNA is required for binding of protein 61K. GST pull-down experiments were performed with deletion mutants of U4 snRNA ( Figure 4A ), and recombinant GST±61K and protein 15.5K. Nucleotides 3¢ of the 5¢ stem±loop (i.e. nucleotides 53±145) could be deleted without a noticeable Padgett and Shukla (2002) . (B) U4atac/U6atac duplex formation as analyzed by native PAGE on a 6% gel. Lanes 1 and 2, 32 P-labeled human U4atac and U6atac snRNAs; lanes 3 and 4, 32 P-labeled U4atac/U6atac duplexes. Labeled RNA is marked by an asterisk. (C) Co-immunoprecipitation of 32 P-labeled U4atac and U6atac snRNAs and U4atac/U6atac duplexes with anti-60K antibody. The 20/60/90K complex was incubated with each of the four RNA substrates shown in (B) in the presence (lanes 3, 4, 7 and 8) or absence (lanes 5 and 6) of protein 15.5K. RNA co-precipitated with anti-60K antibody was analyzed as in Figure 1 . Lanes 1 and 2: 15% of total 32 P-labeled U4atac and U6atac snRNA input. (D) GST pull-down assay of [U4atac´15.5K´GST±61K] complexes. GST±61K was coupled to glutathione±Sepharose and incubated with 32 Plabeled U4atac snRNA in either the absence (lane 3) or presence of protein 15.5K (lane 4). As a control, glutathione±Sepharose-coupled GST was incubated with U4atac snRNA in the presence of 15.5K (lane 2). Bound RNA was analyzed as above. Lane 1: 20% of total 32 P-labeled U4atac RNA input. reduction in U4 RNA af®nity for protein 61K ( Figure 4B , compare lanes 1±3 with lanes 4±6). However, if the 5¢-terminal region of U4 snRNA (nucleotides 1±19) was also removed, protein 61K failed to bind, even in the presence of protein 15.5K ( Figure 4B , lanes 7±9). Thus, stable binding of protein 61K requires not only the 5¢ stem±loop and protein 15.5K, but also nucleotides in the 5¢-terminal region of U4 snRNA.
Protein 61K can be cross-linked to two distinct sites on U4 snRNA in native tri-snRNP particles The presence of protein 15.5K is an absolute requirement for the binding of protein 61K and the 20/60/90K heteromer to U4/U6 snRNA (see above). In addition, the minimal RNA requirements identi®ed for binding of 61K and 20/60/90K strongly suggested that one or more of these proteins are directly associated with the U4 and/or U6 snRNA. We therefore performed UV cross-linking with puri®ed native 25S tri-snRNP particles to determine whether 61K or components of the 20/60/90K complex directly contact the U4 or U6 snRNAs.
Primer extension analysis of the U4 snRNA derived from tri-snRNPs revealed strong reverse transcriptase stops at positions 37±39 (U36, U37 and U38) and weaker stops at positions 52±54 (A51, U52 and U53), 28 (C27) and 19±20 (G18 and U19) only after UV irradiation ( Figure 5A, compare lanes 1 and 2) . Since stops at positions 37±39, 28 and 19±20 were absent or less abundant when the snRNPs were stripped of protein before irradiation (lane 4), we infer that these stops are due to protein-speci®c cross-linking to these nucleotides. In contrast, the stops at positions 52±54 were undiminished in intensity, implying that they are not protein related.
To determine which tri-snRNP-speci®c protein was cross-linked to these nucleotides, we performed immuno- Protein±RNA interactions in the U4/U6 snRNP precipitations of UV-irradiated puri®ed 25S tri-snRNPs under conditions where protein±protein interactions have been completely disrupted prior to primer extension analysis (Urlaub et al., 2002) . Strong reverse transcriptase stops at nucleotides G18±U19, U36±U38 and A51±U53 were observed after immunoprecipitation with the anti-61K antibody ( Figure 5A , lane 6), whereas no stops at these positions were detected after immunoprecipitation with the anti-60K antibody (lane 8), or with antibodies raised against other tri-snRNP-speci®c proteins (data not shown). These data demonstrate that, within native trisnRNPs, protein 61K contacts loop nucleotides U36, U37 and U38 in the U4 5¢ stem±loop and, additionally, G18 and U19 upstream of the 5¢ stem±loop. Bands corresponding to nucleotides A51±U53 were also detected after immunoprecipitation (compare lanes 1 and 6), but the authenticity of these cross-links is uncertain (see above) and thus they were not analyzed further. The stop at nucleotide C27 was not enhanced, indicating that it does not arise from a U4 snRNA±61K cross-link. Identi®cation of these distinct cross-linking sites is consistent with the fact that the 5¢ stem±loop and the 5¢-terminal region of U4 snRNA are required for 61K binding (see above), and demonstrate that protein 61K directly contacts the U4 snRNA.
A conserved domain of protein 61K contacts the U4atac snRNA Protein 61K shares a homologous domain with the C/D box snoRNP-associated proteins Nop58 and Nop56 Vithana et al., 2002) . As these proteins can also be cross-linked to RNA (N. Watkins, personal communication) , it is likely that this common domain might be directly involved in RNA binding. We therefore set out to identify the region of protein 61K that directly contacts RNA by combining cross-linking with Edman sequencing and mass spectrometry (Urlaub et al., 2002) . We chose as starting material [U4atac/ U6atac´15.5K´61K] particles reconstituted in vitro, as these complexes gave the largest yield of cross-linked product (data not shown). Importantly, the requirements for binding of protein 61K to the U4atac snRNA in vitro are the same as those for its binding to U4 snRNA, since a deletion mutant of U4atac snRNA comprising nucleotides 1±57 was bound by GST±61K with the same ef®ciency as wild-type U4atac snRNA (data not shown). Furthermore, the overall cross-linking pattern observed with minor trisnRNP particles is similar to that in the 25S U4/U6´U5 trisnRNP (data not shown). Thus, data obtained from the U4atac in vitro system probably also apply to U4 and U4atac native complexes.
After digestion of reconstituted particles with chymotrypsin and RNase T1, we isolated a peptide± oligonucleotide cross-link via RP-HPLC (data not shown). N-terminal sequencing identi®ed the peptide as a fragment of protein 61K encompassing positions 260±273 (SGFSSTSVLPHTGY). Edman sequencing failed to detect His270, demonstrating that this residue is cross-linked to the RNA (data not shown). Signi®cantly, His270 is located within the conserved Nop58/56 homology domain ( Figure 5B ), con®rming our hypothesis that this region directly interacts with RNA. These results thus provide the ®rst evidence that the Nop homology domain is a conserved, novel RNA-binding domain.
Matrix-associated laser desorption ionization-mass spectrometry (MALDI-MS) analysis of the peptide± oligonucleotide showed unambiguously that the peptide is cross-linked to a T1 pentanucleotide with the composition GA 2 UC ( Figure 5C ). The human U4atac/U6atac snRNA contains only one T1 fragment with this nucleotide composition, namely positions 42±46 of the U4atac snRNA 5¢ stem±loop ( 42 CAUAG 46 , compare Figure 2A ). These results are consistent with the cross-linking results obtained with native tri-snRNP particles, which demonstrated that the loop region of the U4 5¢ stem±loop contacts protein 61K. Thus, we conclude that protein 61K is in contact with the 5¢ stem±loop of both U4 and U4atac snRNA.
Protein 90K directly contacts U6 in the minimal U4/U6 snRNA duplex To determine whether one or more proteins of the 20/60/ 90K complex contacts U4/U6 snRNA, we carried out UV cross-linking experiments with native tri-snRNPs as described above and probed for U6 snRNA. Although potential U6±protein cross-links were detected, these did not appear to involve proteins 61K or 60K since they were not enhanced by immunoprecipitation with the corresponding antibodies (data not shown). We therefore incubated the U4/U6 snRNA duplex composed of radiolabeled, full-length U6 and non-labeled, truncated U4 snRNA (nucleotides 1±52) with protein 15.5K and the 20/60/90K complex. The resultant particles were then UV irradiated, digested with RNases A and T1, and cross-links were analyzed by SDS±PAGE. A band migrating with an apparent molecular mass of~90 kDa was detected ( Figure 6A, lane 4) . This product was not obtained without UV irradiation (lane 1), without protein 15.5K (lane 3), if U6 snRNA alone was used instead of the U4/U6 duplex (lane 6) or upon irradiation of the U4/U6 snRNA duplex in the complete absence of proteins (lane 2). Moreover, the cross-linked product was sensitive to digestion with proteinase K (lane 5), con®rming that it contained protein. We thus conclude that protein 90K, as part of the 20/60/ 90K heteromeric complex, directly contacts U6 snRNA within the U4/U6 snRNA duplex.
To map the contact site of protein 90K more precisely, we next performed cross-linking with the`minimal' U4/U6 snRNA duplex, in which the U6 snRNA was 5¢ labeled. Cross-linking products migrating with an apparent molecular mass of~100±116 kDa were detected ( Figure 6B , lane 4), consistent with protein 90K contacting (A) The 20/60/90K complex was incubated with U4/U6 duplex composed of 32 P-labeled, full-length U6 snRNA and non-labeled U4 nucleotides 1±52. After UV irradiation, the products were digested with RNases A and T1, and separated by SDS±PAGE. In lane 4, U4/U6 duplex, protein 15.5K and the 20/60/90K complex were present during cross-linking. Lane 1, no UV irradiation; lane 2, all proteins omitted; lane 3, protein 15.5K omitted; lane 6, RNA duplex replaced by 32 P-labeled U6 snRNA. In lane 5, the cross-linking product was digested with proteinase K. The 90K protein cross-link is marked on the right. (B) The 20/60/90K complex was incubated with the minimal U4/U6 duplex consisting of 5¢ end-labeled U6 nucleotides 58±87 and non-labeled U4 nucleotides 1±52 (see Figure 3) . Lane designations are as in (A) and indicated above each lane. the U6 snRNA moiety of the minimal duplex. The exact reason why this 90K cross-link separates on the SDS±polyacrylamide gel as two closely migrating bands is not clear. One possibility is that the U6 RNA oligonucleotide becomes cross-linked to two distinct sites of the protein, resulting in a slightly different migration behavior of the two cross-linking products. In any case, the similar size of the two cross-linking products makes it unlikely that a protein other than 90K is crosslinked to the U6 snRNA. Note that RNase digestion was not performed, increasing the molecular weight of the cross-linked protein 90K. No cross-links were observed without UV irradiation (lane 1), in the absence of all proteins (lane 2) or without protein 15.5K (lane 3). Furthermore, no cross-linking product was detected when the U6 RNA oligonucleotide (nucleotides 58±87) alone was used (lane 6). This cross-link was also sensitive to digestion with proteinase K (lane 5). As the minimal U4/ U6 duplex is suf®cient for cross-link formation, we infer that protein 90K contacts U6 snRNA between positions 58 and 87 of the duplex. These results indicate that protein 90K may bind to stem II of the U4/U6 snRNA duplex.
Discussion
We have analyzed the assembly of spliceosomal U4/U6 snRNP particles in vitro, using puri®ed, native and/or recombinant U4/U6 snRNP-speci®c proteins and in vitro transcribed U4 and U6 snRNAs. Co-immunoprecipitation/ pull-down studies coupled with UV cross-linking revealed several important new aspects about the nature of the U4/ U6 snRNP particle, including a conserved hierarchical assembly pathway and novel protein±RNA interactions. The possible functional role of the clustered interactions of the U4/U6 snRNP-speci®c proteins with the 5¢ stem±loop and stem II of the U4/U6 interaction domain during activation of the spliceosome is discussed.
Conserved hierarchical assembly pathway of U4/U6 snRNP particles We show that binding of protein 15.5K to the U4 5¢ stem±loop is required for subsequent interaction of both the U4/U6 snRNP-speci®c 61K protein and the 20/60/90K protein complex with U4/U6 snRNA duplex (Figure 1) . The association of 61K and 20/60/90K with RNA can occur independently of each other and, thus, these appear to be non-cooperative. This assembly pathway is also observed with the U4atac/U6atac snRNP, a component of the minor spliceosome (Figure 2) . While a direct interaction between protein 15.5K and the 5¢-terminal stem±loop of U4atac snRNA was reported in previous studies (Nottrott et al., 1999 ), here we demonstrate additionally the interaction of both protein 61K and the 20/60/90K complex with the U4atac/U6atac snRNAs. Thus, the network of protein±RNA interactions appears to be similar in both RNPs.
The 15.5K protein is also present in box C/D snoRNPs where it directly binds the box C/D motif. The box C/D motif shows striking similarity in primary and secondary structure to the 5¢ stem±loop of the U4 snRNA and it is assumed that the protein recognizes the snoRNA motif in a similar manner (Vidovic et al., 2000; Watkins et al., 2000) . Interestingly, 15.5K binding to box C/D snoRNAs has also been shown recently to be essential for the binding of the box C/D snoRNP proteins Nop56, Nop58 and ®brillarin (Watkins et al., 2002) . Therefore, 15.5K binding appears to have a similar nucleation function in the assembly of both U4/U6 snRNPs and the box C/D snoRNPs.
Differential RNA structural requirements for binding of protein 61K and the 20/60/90K complex Although both protein 61K and the 20/60/90K complex require the presence of 15.5K for interaction with U4/U6 snRNA, there are clear differences in the RNA structural requirements for their binding. Indeed, in the presence of 15.5K, protein 61K interacts with U4 and with U4/U6 snRNA duplex, but not with U6 snRNA alone, while the 20/60/90K complex exclusively interacts with U4/U6 duplexes (Figure 1) . Protein 61K contacts U4 at the apical loop region of the 5¢ stem±loop and at nucleotides G18/ U19 ( Figure 5 ). The latter region is also absolutely required for 61K binding (Figure 4) . Thus, protein 61K bridges the 5¢ half of the U4/U6 snRNA three-way junction and the apical loop of the U4 snRNA 5¢ stem±loop. Interestingly, binding of protein 15.5K to the asymmetric internal loop of the U4 5¢ stem±loop±stem structure results in a sharp bend between the two contiguous RNA stems, juxtaposing the extensions of the two stems (Vidovic et al., 2000) . Indeed, it is precisely these extensions that protein 61K binds, i.e. the apical loop region and the 5¢ half of the three-way junction. Thus, binding of 15.5K may induce the proper RNA conformation required for subsequent 61K binding.
Binding of the 20/60/90K complex also requires the U4 5¢ stem±loop, and is observed only when stem II of the U4/ U6 duplex is formed (Figure 3 ). Stem I of the U4/U6 duplex can be deleted without loss of binding, implying that an intact three-way junction is not required. Our data suggest that the 20/60/90K complex may contact simultaneously both the U4 5¢ stem±loop/15.5K protein and part of stem II, thus bridging these two parts of the U4/U6 duplex. A direct contact of the 20/60/90K heteromer with stem II is supported by the fact that the 90K protein could be cross-linked to an oligonucleotide encompassing nucleotides 58±87 of U6 only when it was base-paired to the 5¢ region of U4 snRNA, i.e. when stem II was formed ( Figure 6 ). This strongly suggests that part of stem II is recognized by 90K, irrespective of whether the crosslinked nucleotide(s) is located within the portion of U6 RNA base-paired to U4 RNA or in the short singlestranded U6 overhang (Figure 3) . Finally, we note that the association of the 20/60/90K protein complex with U4/U6 snRNAs occurs in the absence of Lsm proteins in vitro. This is not in contradiction to the previously reported contribution of the Lsm 2±8 proteins in U4/U6 di-snRNP formation (Achsel et al., 1999) , since we assembled the 20/60/90K proteins to pre-formed U4/U6 snRNA duplexes.
61K and 90K are novel RNA-binding proteins The 61K and 90K proteins could be UV cross-linked to U4 or U6 snRNA, respectively (Figures 5 and 6 ), indicating that they are bona ®de RNA-binding proteins. Interestingly, protein 61K shares signi®cant homology with the box C/D snoRNP proteins Nop56 and Nop58 within a conserved central domain spanning residues 97±328, referred to as the Nop homology domain (Vithana et al., 2001; . As the U4 snRNP and box C/D snoRNPs share a similar core structure, with protein 15.5K bound to the respective RNAs (Watkins et al., 2000) , it is highly interesting that one of the 61K±RNA cross-links mapped to an amino acid within the Nop homology domain ( Figure 5 ). These results are consistent with the idea that these proteins belong to a family of RNA-binding proteins with a hitherto unidenti®ed RNA-binding motif. Cross-linking of protein 90K to U6 snRNA requires formation of stem II of the U4/U6 duplex, suggesting that 90K might be a double-stranded (ds) RNA-binding protein. Indeed, sequence homology has been detected previously between 90K and the known dsRNA-binding proteins, RNase III of Escherichia coli and the Drosophila melanogaster Staufen protein (Lauber et al., 1997) . Recently, mutations in the gene encoding the 61K protein were found to be responsible for the autosomal form of retinitis pigmentosa (Vithana et al., 2001) . Most of these mutations lie within the Nop homology domain. Signi®cantly, analysis of the 61K cross-linking site demonstrated that it directly contacts the apical loop region of the U4atac 5¢ stem±loop via this conserved domain ( Figure 5 ). Similarly, mutations in protein 90K are also linked to this genetic disease (Chakarova et al., 2002) and are clustered adjacent to 90K's putative dsRNAbinding motif. These mutations thus may have profound effects on protein±RNA and/or protein±protein interactions that may be crucial for the dynamics of trisnRNP and spliceosome assembly.
What determines the RNA-binding speci®city of these proteins? The ®nding that protein 61K and the 20/60/90K complex interact with U4/U6 and U4atac/U6atac snRNAs strongly suggests that the common structural features which they recognize are not conserved bases, but rather conserved elements of secondary structure. This idea is supported by the following results. (i) Protein 61K cross-links to the apical loop of the 5¢ stem±loop of both U4 and U4atac snRNA. This cannot be due to similarity of the RNA sequences, as the 5¢ apical loop sequences of U4 snRNA and U4atac snRNA are 36 UUUAU 40 and 41 GCAUA 45 , respectively. Furthermore, the 5¢-terminal sequences of both the U4 and U4atac snRNA share little sequence identity, but both are required for 61K protein binding.
(ii) The 20/60/90K complex binds ef®ciently a minimal U4/U6 duplex containing nucleotides 58±87 of U6 snRNA ( Figure 3 ). As there is only a very low degree of sequence identity between this region of U6 and the corresponding region of U6atac snRNA, we infer that the 20/60/90K complex recognizes RNA secondary structure rather than primary sequence. Our data support a model in which the binding of protein 15.5K to U4 or U4atac snRNA generates particular secondary structure elements in the U4/U6 snRNA that are recognized by protein 61K and the 20/60/90K complex. This mode of RNA interaction is not uncommon for RNP complexes. In the E.coli ribosome, for example, secondary 16S rRNA-binding sites for the protein heterodimer S6±S18 are generated only upon prior binding of protein S15 to the 16S rRNA (Agalarov et al., 2000) . It is also possible that the conformation of Protein±RNA interactions in the U4/U6 snRNP protein 15.5K is changed likewise by its binding to U4 snRNA via a mutually induced ®t mechanism (Williamson, 2000) , allowing 15.5K to bind directly to protein 61K or the 20/60/90K complex.
Functional implications for the activation of the spliceosome A striking feature of the 15.5K, 61K and 90K protein±RNA contacts is that they are clustered on the RNA within the 5¢ stem±loop of U4 and stem II of the U4/ U6 duplex, suggesting that the U4/U6-speci®c proteins are found predominantly in these regions (see Figure 7) . This agrees very well with chemical modi®cation experiments on native tri-snRNP particles in which the 5¢ stem±loop of U4 and stem II of U4/U6, but neither the 3¢ half of the three-way junction nor stem I of U4/U6 duplex appears to be strongly protected (Mougin et al., 2002) . This particular distribution of the U4/U6 protein components has potential functional implications for the activation of the spliceosome prior to catalysis, during which unwinding of the U4/U6 duplex occurs.
Spliceosome activation is accompanied by the dissociation of U4 snRNA from the U4/U6 duplex, allowing U6 snRNA to pair with U2 snRNA. At present, it is not clear whether U4/U6 stems I and II dissociate simultaneously, or in separate, regulated steps. In light of our data, it is attractive to suggest that the 20/60/90K complex might stabilize stem II, enabling stem I to be opened ®rst (Figure 7) . Consistent with the idea of sequential dissociation, an intermediate in the catalytic core of the U12-dependent spliceosome has been detected that has an intact U4atac/U6atac stem II, but in which parts of stem I are already base-paired with U12 snRNA (Frilander and Steitz, 2001 ). This, together with the absence of any detectable protein±RNA interaction on stem I and at the 3¢ half of the three-way junction, could allow reversible opening/closing of stem I, thus introducing the possibility of a proofreading step during the initial formation of the novel U2/U6 snRNA duplex.
Activation of the spliceosome prior to catalysis is ®nally achieved by the complete unwinding of U4/U6 stem II and the subsequent formation of an intramolecular U6 snRNA helix. Thus, the 20/60/90K complex may play a crucial role in the formation of catalytically active RNA elements in the spliceosome (i.e. U2/U6 duplex and the intramolecular U6 helix). Our model predicts that unwinding of stem II would be accompanied by the dissociation of the 20/60/90K complex from the U4/U6 duplex (Figure 7) .
What triggers the destabilization of the U4/U6 snRNA interaction domain prior to catalysis? The most prominent candidate is the RNA-dependent helicase U5-200K (Brr2p in S.cerevisiae), which has been demonstrated to affect U4/U6 unwinding (Laggerbauer et al., 1998; Raghunathan and Guthrie, 1998) , very probably in cooperation with additional U4/U6´U5 tri-snRNP proteins such as Prp8 (U5-220K), Snu114p (U5-116K) or Prp38p (Xie et al., 1998; Kuhn et al., 1999; Bartels et al., 2002) . Whether they act directly on U4/U6 snRNA, or on protein±RNA complexes stabilizing the U4/U6 duplex presently is not clear. Another possibility is that a switch is induced in the conformation of one or more of the U4/U6 snRNA-binding proteins, which in turn leads to destabilization of the duplex. Clearly, further experiments are needed to specify the role of the U4/U6 snRNP-speci®c proteins in the regulation of the spliceosomal activation step.
Materials and methods
Puri®cation of recombinant proteins Protein 15.5K was puri®ed according to Nottrott et al. (1999) . The 61K cDNA was subcloned into pGEX-6-P1 (Amersham Pharmacia Biotech), and recombinant GST±61K protein was puri®ed by af®nity chromatography on glutathione±Sepharose according to .
Puri®cation of the native 20/60/90K protein complex Peak glycerol gradient fractions of puri®ed native 25S HeLa tri-snRNPs were concentrated by ultracentrifugation (Laggerbauer et al., 1998) , resuspended in buffer T [50 mM Tris±HCl pH 8.0, 1 mM dithiothreitol (DTT), 0.5 mM EDTA] containing 400 mM NaCl and loaded onto a 1 ml heparin HiTrap column (Amersham Pharmacia Biotech). Proteins were eluted by a 0.4±0.9 M NaCl gradient (4°C). Fractions containing the 20/ 60/90K complex subsequently were centrifuged on a 5±20% glycerol gradient (Sorvall TST 41.14 rotor, 35 000 r.p.m., 21 h, 4°C) containing buffer G (20 mM HEPES/KOH pH 7.9, 700 mM NaCl, 1.5 mM MgCl 2 ). Fractions containing 20/60/90K complexes were pooled, diluted 1:2 in buffer T and loaded again onto the heparin column. Bound proteins were eluted by a linear 0.4±0.9 M NaCl gradient (4°C).
RNA synthesis and duplex formation RNA transcripts were generated by run-off transcription of linearized plasmids encoding human U4, U6, U4atac or U6atac snRNA. The DNA template encoding U4 nts 1±52 was generated from the U4 plasmid by PCR. Transcription of 32 P-labeled RNA was performed in the presence of either 0.66 mM [a-32 P]UTP or [a-32 P]CTP (3000 Ci/mmol). RNA oligonucleotides (U4 nts 20±52; U6 nts 58±87) were chemically synthesized and 5¢ end-labeled using [g-32 P]ATP (5000 Ci/mmol).
RNA duplexes were formed by annealing 20 nM 32 P-labeled RNA with 200 nM non-labeled RNA in buffer A (Brow and Vidaver, 1995) . For UV cross-linking studies shown in Figure 6A , RNA duplexes were generated by annealing 0.14 mM [a-32 P]CTP-labeled, full-length U6 snRNA with 2 mM non-labeled U4 nts 1±52 in buffer A. All samples were incubated at 80°C for 1 min, cooled slowly to 30°C and placed on ice. U4/U6 duplexes containing full-length U6 snRNA were formed in the presence of 20 mM oligonucleotide hU6cen2 (Brow and Vidaver, 1995) . Duplex formation was monitored by native PAGE on either 6 or 10% (80:1) gels.
Binding reactions, immunoprecipitations and GST pull-downs A 40 pmol concentration of GST±61K protein or 20/60/90K complex was incubated with 5 ml of RNA substrate in the presence or absence of 35 pmol of 15.5K protein in 15±30 ml of buffer A for 20 min at 30°C. Binding reactions were performed in the presence of 10 mg of E.coli tRNA unless used for in vitro cross-linking. Coupling of anti-61K and anti-60K antibodies to protein A±Sepharose and immunoprecipitation were performed as described by Nottrott et al. (1999) . Co-precipitated RNA was separated on a 10% polyacrylamide±7 M urea gel and visualized by autoradiography.
For GST pull-downs, 40 pmol of either GST or GST±61K protein were coupled to glutathione±Sepharose according to Nottrott et al. (1999) and incubated with pre-formed U4atac±15.5K complex in buffer D150 (20 mM HEPES/KOH pH 7.9, 150 mM KCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.1% Triton X-100) for 2 h at 4°C. Pre-formed complex was obtained by incubating 20 pmol of recombinant 15.5K protein with 32 Plabeled RNA substrate (0.2±0.4 pmol) in a ®nal volume of 10 ml of buffer D150 for 45 min at 4°C. Beads were washed four times with buffer D150 and once with buffer IPP500 (50 mM Tris±HCl pH 8.0, 500 mM NaCl, 0.05% NP-40). Co-precipitated RNAs were recovered and analyzed as above.
UV cross-linking studies For UV cross-linking of reconstituted protein±RNA complexes, RNA duplexes containing 0.7 pmol labeled RNA were generated in a ®nal volume of 30 ml as described above. UV irradiation at 254 nm and subsequent RNase T1/A or proteinase K digestion were performed as described by Urlaub et al. (2002) . Samples were separated by SDS±PAGE on 10% gels and cross-linked proteins were visualized by autoradiography. UV cross-linking of puri®ed native 25S tri-snRNP particles, immunoprecipitation under denaturing conditions and primer S.Nottrott, H.Urlaub and R.Lu È hrmann extension analysis were carried out according to Urlaub et al. (2002) . Antibodies against the following tri-snRNP proteins were used for immunoprecipitation: 15K, 15.5K, 27K, 40K, 60K, 61K, 65K, 100K, 102K, 110K, 116K, 200K and 220K. Oligo B1 was used for primer extension analysis (Nottrott et al., 1999) .
For large-scale cross-linking experiments, U4atac/U6atac duplex was formed by incubating 10 nmol of U4atac snRNA with 25 nmol of U6atac snRNA in 500 ml of buffer A as described above. The sample volume was adjusted to 13 ml with buffer P (250 mM NaCl, 50 mM Tris±HCl pH 7.5). Duplex was incubated for 20 min at 4°C with 10 nmol of 15.5K protein and 5 nmol of GST±61K protein in the presence of 400 U of RNasin and 20 mM DTT, and UV irradiated as described by Urlaub et al. (2002) . Isolation and identi®cation of cross-linked 61K peptide±oligonucleotides by Edmann degradation and MALDI-MS was performed as described by Urlaub et al. (2002) .
